Received Month X, XXXX; revised Month X, XXXX; accepted Month X, XXXX; posted Month X, XXXX (Doc. ID XXXXX); published Month X, XXXX Optical properties of natural photonic structures can inspire material developments in diversified areas, where spectral design of surfaces for camouflage is one. Here, reflectance, scattering and polarization properties of the cuticle of the scarab beetle Cyphochilus insulanus are studied with Spectral Directional Hemispherical Reflectance (SDHR), Bidirectional Reflection Distribution Function (BRDF) measurements and Mueller-Matrix Spectroscopic Ellipsometry (MMSE). At normal incidence a reflectance (0.6 -0.75) is found in the spectral range 400 -1600 nm and a weaker reflectance < 0.2 in the UV range as well as for wavelengths >1600 nm. A whiteness of W = 42 is observed for mainly the elytra of the beetle. Chitin is a major constituent of the insect cuticle which is verified by the close similarity of the measured IR spectrum to that of -chitin. The BRDF signal shows close to Lambertian properties of the beetle for visible light at small angles of incidence. From the MMSE measurement it is found that the beetles appear as dielectric reflectors reflecting linearly polarized light at oblique incidence with low gloss and low degree of polarization. The measured beetle properties are properties that can be beneficial in a camouflage material.
Introduction
Already in 1665 Hooke described observations of structural colors in nature in his book "Micrographia" [1] . Several scientists have since that time studied the optical properties of natural structures for various purposes. In some studies the objective is to describe and understand the role of these properties in nature [2] [3] [4] , and in other studies the goal is to find inspiration for new applications [5] [6] or to improve functionality in artificial devices by mimicking structures found in nature. Photonic crystals or other periodic dielectric structures are commonly found in nature and have potential to be used in optical devices. Structures in butterfly wings have, for example, been used as templates to large area periodic ZrO2 structures for potential applications and integration in optics technology [7] . Another example is the reflecting scales on wings of the butterfly Argyrophorus argenteus which are broadband reflectors. In this case, scaled-up replicas with thickness < 1 µm have been manufactured and investigated using microwaves [8] .
The main purpose of camouflage is to accomplish a look-alike effect as compared to the background, mainly in the visible and near infrared range, in order to minimize the signature as well as the detectability. Camouflage properties therefore have to be discussed in relation to application purpose, the sensors from which to hide and, the background property, as requirements varies with these. In the infrared range however, low emissive properties from highly diffuse reflection characteristics could be beneficial. Often diffuse reflection (scattering) and low angle dependence with a low degree of polarization are considered good properties for military camouflage, further described by Andersson et al. [9] . If generalizing, many natural objects are unpolarized, while manmade objects often have specific polarizing properties. Depolarizing properties could help to not reveal man-made surfaces. In the infrared (IR) (3 − 12 µm) high reflectivity is often useful to conceal blackbody radiation from hot objects.
In this report we describe and discuss measurements of optical properties of natural structures. This is a first step towards the development of camouflage applications inspired by diffusively reflecting natural photonic structures. The function in nature of camouflage patterns has generated renewed interest [10] . For instance, the structures of cicada wings are suggested to have a camouflage-like anti-reflection function, [11] and inorganic replicas of these structures for use in solar cell applications are now emerging [12] . Other interesting candidates for camouflage studies are cuticle structures of beetles of the genus Cyphochilus, due to the combination of low weight, low gloss and high whiteness, which could be useful in both visual (VIS) and IR camouflage applications. These beetles have been investigated [13] [14] [15] and inspired production of thinner paper coatings with maintained whiteness [16] and production of fabric with increased whiteness [17] . Earlier studies were performed on single (5 µm thick) scales from the cuticle. Key factors for the origin of the brilliant white appearance were found to be the width (250 nm) of a non-absorbing randomly disordered internal filamentary structure and the packing density corresponding to volume occupancy of 70% [13] . With this combination the optical spacing appear to be optimized for light scattering. The effects from optical crowding are thereby limited, i.e. the radiation fields of individual scattering zones dominate, instead of adopting the characteristics of larger ensembles. Optical crowding occurs when scattering zones come too close to each other, causing neighbour interaction [13] . To do the opposite, defining individual scattering centres in an amorphous network, is not possible [15] . Burresi et al. [15] have shown evidence of multiple scattering within the scales, which means that diffusion theory can be applied for scale modelling of optical properties.
Ellipsometry has recently been used to study scarab beetles [2] [3] [18] [19] [20] , and polarization properties have been reported. However, the beetles used in these studies are different from C. insulanus as they have a large specular reflection and low scattering. A comparison with these beetles is therefore not relevant. The previous studies of beetles from genus Cyphochilus are not species specific, and are mainly presenting reflectance data and do not include optical properties in terms of polarization and scattering. The latter information is valuable for development of camouflage In this study the cuticle of Cyphochilus insulanus is explored with reflectance measurements which go further into the ultraviolet (UV) and IR ranges compared to previous studies. In addition, the important aspects of scattering and polarization properties of the cuticle are addressed using scatterometry and Mueller-matrix spectroscopic ellipsometry.
Experimental Details
Studies were performed on two specimens of Cyphochilus insulanus (Moser, 1918) . Specimen A, (see Fig. 1 .) a loan from the Swedish Museum of Natural History, has a length of 28 mm. Specimen B, a loan from the Berlin Museum of Natural History, has a length of 20 mm. Both specimens originate from Taiwan. Most of the measurements were performed on specimen A but a selection of Mueller matrix ellipsometry measurements was also performed on specimen B for reference. The samples contained some small dark areas where scales were probably damaged or missing due to mechanical wear or age. The measurement methods used in this study were nondestructive and no sample preparation was needed. The authors acknowledge the complex reflecting structures of a target from nature, such as the beetle of this study. Despite of this a reflection could be divided into a specular and a diffuse component, which also is done here. Light diffusely reflected from a rough surface is scattered in several directions, whereas specularly reflected light from a smooth surface, like a mirror, is reflected with the same angle as the angle of incidence. A rough surface is considered matte whereas a smooth surface is considered glossy. However, a real surface can hardly ever be regarded as a perfectly diffuse scatterer or perfectly specular reflector; thus, there will to different degrees be a mixture of both components. A sum of the diffuse and the specular component is referred as a total reflection. In this study, three techniques are employed to optically characterize the beetle cuticle: Spectral Directional Hemispherical Reflectance (SDHR); scatterometry, measuring the reflectance as a function of angle, in the form of Bidirectional Reflection Distribution Function (BRDF) measurements; and Mueller-Matrix Spectroscopic Ellipsometry (MMSE). The experimental quantities obtained are the reflectance SDH , the distribution function BRD and the Mueller matrix , respectively. The instrument setups were different for the three measurements in terms of orientation of the beetles. In the SDHR and BRDF measurements, the beetle was illuminated mainly on the elytra, i.e. the upper and flattest part of the cover wings in the direction from the back to the front of the beetle as shown in Fig. 1 .
Elytra Scutellum
These measurements were only performed on specimen A. The beam diameters in the BRDF measurements were approximately 1.5 mm and 4 mm at the wavelengths 633 nm and 3.39 µm, respectively. The MMSE measurements were performed using focusing optics to increase the irradiance of the specular reflection. This is the common measurement setup for beetle studies [21] . A spot size at normal incidence of less than 100 m was attained on both specimens on the elytra as well as on the scutellum (a triangular formed area between the wing-cases).
The SDHR measurement data, the reflectance SDH , describes the relation between the irradiance of light incident from a specific direction and the total reflected radiation from a surface. The SDHR measurements were performed using two different systems with integrating spheres. In UV, VIS, and near-infrared (NIR) a Cary 5G system with a beam size of 5x20 mm and a 150 mm diameter sphere (Labsphere DRA-CA-50D) coated with Spectralon® was used. In IR a Bruker IFS 55 FTIR system with a beam size of 5 5 mm and a 75 mm diameter sphere (Bruker A 562) coated with diffusely reflecting gold was used. A schematic drawing of the experimental setup is seen in Fig.2a . Measurements were performed in the wavelength range 250 -2500 nm at an angle of incidence of 10 and in the wavelength range 2.44 -25 µm at an angle of incidence of 9. The instruments were calibrated against a Spectralon® diffuse reflectance standard with a reflectance of ~99 % (UV-NIR) and a diffusely reflecting gold surface with a reflectance of ~95% (IR).
The reflectance data SDH were used to calculate the CIE L*a*b* values of the 3D-color space determined by the International Commission on Illumination [22] . L* is a measurement of lightness used to subjectively describe human perception of brightness along a light-dark axis, a* indicates the position at the red-green opponent axis, where positive numbers indicate red color, and b* gives the distinction between yellow and blue, where positive numbers indicate yellowness. The tristimulus values , , are relating the color coordinates to the perceived color. The whiteness W can be calculated using = − 1700( − ) − 800( − ) according to a CIE standard for comparing color values [22] where , are a ratio of the tristimulus values , , of the sample in relation to the sum of the three, and , are the chromaticity coordinates of a perfect diffuser [22] .
The BRDF describes the bidirectional reflectance at all incoming , and outgoing , angles, as a ratio between the scattered radiance and the incident irradiance . The BRDF measurements were performed at the specified wavelengths, using a TASC Polarimetric scatterometer (TMA Technologies, Inc.) instrument. The measurements were performed over almost a semi-circle for scattering angles −89°≤ ≤ 89° in the plane of incidence for incident angles = 0°, 20°, 40°, 60° and 80° as illustrated in Fig.2b . The azimuth angle was fixed during the measurements ( = 180° and = 0° in fig 2b) . Both s-and p-polarized light where used, where s and p denote the electric field components perpendicular and parallel to the plane of incidence, respectively. The measured BRD has units of inverse steradians [sr -1 ] and can be written as
where is the incident radiant flux on the surface, d is the light flux scattered into a solid angle dΩ [23] [24] [25] . The factor cos adjust the illuminated area to the corresponding size viewed from the scatter direction. (In Eq. (1) the polarization and wavelength dependence are suppressed and the dependence of the illuminated area on the sample surface is eliminated for simplification). The value of BRD can be described as the directional reflectance per unit solid angle of the collected scattered light [25] . Prior to the measurements, a calibration was performed according to a standard procedure [25] by directly measuring the power from the radiation source (laser) upon the sample. In addition, the accuracy of the measurements was controlled using near Lambertian Spectralon reference surfaces with different reflectance levels. A Lambertian surface follows Lambert's law ( ) = 0 cos stating that the irradiance of light scattered from a specific point follow a cosine characteristic, where is the polar angle of the scattered light and 0 is the incident irradiance at the point. That is, a Lambertian surface is ideally diffuse where the irradiance of the reflected light is the same regardless of the viewing angle. In other words BRD is constant for all angles [25] . If SDH is known for a specific wavelength , BRD for an ideal Lambertian surface can be calculated from the relation BRD = SDH ( )/ . Worth mentioning is that, no ideal Lambertian surfaces exist, and also surfaces with close to Lambertian properties are rare in nature.
In the MMSE measurements the polarization change of the specularly reflected beam is measured. The small samples which are curved and inhomogeneous require a focused beam, whereby a small beam size is obtained. Measurements were performed on the scutellum (instead of the elytra) and an area completely covered with scales was selected. The scales dimensions are much smaller than the size of the beam spot. Measurements were performed in the wavelength range 250 -1000 nm in steps of 1 nm at angles of incidence between 20° and 75° in steps of 5° using a dual rotating compensator ellipsometer (RC2, J.A. Woollam Co., Inc.) as illustrated in Fig.2c .
In the Stokes-Mueller formalism, the Stokes vectors and describe the incoming and outgoing light, respectively, and the 4x4 matrix , with 16 elements ( , =1,2,3,4), describes the sample. These parameters are related through the relation 
where the Mueller matrix is normalized according to = / 11 . The and elements are irradiances for the part of the light being linearly polarized with preference for or and +45° or −45° respectively, is the left-or right-handed circular polarization preference and is the total irradiance. Often is normalized with Ii whereby = 1.
In the present study s-, p-and unpolarized incoming light are considered. The incident normalized Stokes vector for p-and spolarized light are here defined as = (1 1 0 0) and = (1 −1 0 0) , respectively, and for incident unpolarized light as = (1 0 0 0) (T indicates transpose). 
A polarization state can be defined by the ellipticity and the azimuth of the polarization ellipse [26] . The ellipticity is given by 
The software CompleteEASE (J.A. Woollam Co., Inc.) was used for data analysis and preparation of the MMSE results.
Results and Discussion
Figures 3 and 4 show SDH measured on specimen A as a function of and cm -1 respectively for incident unpolarized light in the UV-NIR (250-2500 nm) and in the IR (2.44 µm-25 µm) regions. The latter is presented versus wavenumber (cm -1 ) in the range 4100-400 cm −1 which is common for practical reasons when reporting vibration bands, as is the case here, see also Table 1 . Table 1 .
In Fig. 3 an artefact caused by a difference in reference and sample surface appears due to a detector change at 850 nm. This failure in calibration in a small range is not affecting any analyse or results. The general spectral appearance shows an overall strong reflectance, 0.5 < < 0.8 in the range 400-1850 nm with a maximum near 1300 nm. Below 400 nm the reflectance is decreasing rapidly to a minimum of approximately 0.1 at ~265 nm. In the range 1300-2500 nm, a number of absorption bands can be observed. The reflectance in the VIS spectral region (400-700 nm) is around 0.5-0.7, with an almost constant reflectance level of 0.65 between 500 and 700 nm, which is in accordance with the white appearance of the investigated beetles. Similar observations were made for a Cyphochilus specimen in the studies by Vukusic et al. found in this study. Our whiteness calculation is based on measurements with a large beam where nearly the whole length of one side of the elytra is illuminated. Thereby also areas where the scales are damaged or missing are included which will lower the whiteness level. With a value of > 40 the measured surface is still regarded as white according to the CIE whiteness equation [28] . Figure 4 shows that the reflectance in the IR-range is rather low and below 0.1 for wave numbers in the range 400 − 3700 cm -1 25 − 2.7 µm). A broad local maximum of 0.1 is observed near 2300 cm -1 (4.3 µm). The maximum reflectance in the IR range is larger than 0.2 measured for wavenumbers larger than 3800 cm -1 ( < 2.6 µm).
The positions of identified vibrational modes giving rise to the absorption bands are indicated in Fig.3 and Fig.4 and listed in Table 1 where associated functional groups and assignments are suggested. Fundamental vibration bands of O-H, N-H, C-H, C=O and C-N functional groups are dominating in the mid IR range, whereas overtones and combinational bands of these are positioned in the NIR. All of the amide bands are observed up to amide band VI [29] . The identities of the bands at 695 cm -1 , 645 cm -1 and 590 cm -1 are uncertain. The IR spectrum closely resembles that of -chitin [30] which is expected since chitin has been identified as a major constituent of the cuticle of scarab beetles and insects in general. Table 1 . Figures 5 and 6 show results from the BRDF measurements on C. insulanus at multiple for s-and p-polarized light. The scattering properties are here presented by BRD as a function of at = 633 nm and = 3.39 m. The sharp minima seen when = are due to source shadowing in the measurement setup. For = 633 nm it can be noticed that for < 40°, BRD is practically constant for both s-and p-polarized light, that is, the beetle is nearly Lambertian [25] in this range. For = 40° and = 60° a small but broad peak appears due to specular reflection for angles around = 50° and 70°, respectively. This is more pronounced for spolarized light than for p-polarized light and can be explained by the suppression of the reflection of the p-polarized light near the Brewster angle. For = 80°, BRD is increasing to values > 10 sr -1 for > 80°. In the studies of the beetle Calothyrza margaritifera having a white hairy structure, Lafait et al. performed wavelengthresolved scatterometry measurements and spatial mapping of scattered light [27] .
Normalized BRD values of 0.5 − 0.65 for 633 nm at 10°≤ ≤ 60° for = 30° were reported. In this study, measurements on C. insulanus give 0.1 < BRD < 0.3 sr -1 at corresponding wavelengths and angles. A direct comparison between these studies is difficult due to different measurement setups. The general conclusion is however the same; the white structures show near Lambertian properties, at least for small in the visible. This is an interesting finding as also close to Lambertian surfaces are scarce in nature [31] . For measurements at 3.39 m, lower BRD values and pronounced peaks at near specular directions can be observed in general. At larger BRD increases rapidly to levels > 1 for large scattering angles. For ≤ 40° the values are low, particularly in the back scattering directions (negative angles). Again, slightly higher values of BRD are observed for s-polarized light compared to p-polarized light, especially close to the Brewster angle. At 3.39 m the characteristic is clearly not Lambertian. However, many diffusely scattering samples are not Lambertian enough for the assumption BRD = SDH ( )/ to be valid. The ~10° displacement of the specular reflection peaks in relation to the incidence angle is due to the curved surfaces of the beetles and complicated alignment. The actual peak is rather wide, since the organization of the scales gives rise to a distribution of off-specular angle reflection, i.e. the surface normal is not well defined nor is the angle of incidence. However, these mismatches are not too crucial in this case as a specular reflection from a diffuse sample cannot be well defined. Both specular and diffuse scattering occur on this specimen. The thicknesses of the scales are ~5 µm [14] which are roughly of the same order as the wavelength in the IR measurement (2.44-25 µm). On the other hand, the internal structure giving rise to the white feature has dimensions of the order of visible light (400 − 700 nm). However, the degree of specular scattering generally increases if the structure is small, and we do see a larger specular response in the case of IR radiation. Figures 7 and 8 show results from MMSE experiments on the scutellum of specimen A. Measurements on the elytra (as reported for the SDHR and BRDF measurement) gave similar results. All measurements gave an ellipticity close to zero (not shown here), e.g. the polarized part of the reflected light is almost linearly polarized for all incidence angles, wavelengths and polarization states. Figure 7 shows the degree of polarization at = 20° and 75° for the incoming u-, s-and p-polarizations. In these plots the variations with wavelength are seen to be small. In Fig. 8 . polar -contour plots show the polarization direction in terms of the azimuth angle as well as the degree of polarization In Fig. 8b it is seen that for incident s-polarized light,  is ~90° for all and , corresponding to s-polarized reflection. Large around 0.9 is attained for large .
decreases gradually with decreasing to values ~0.2.
In Fig. 8c it is seen that for incident p-polarized light,  is close to zero for all and , which indicates p-polarized reflection. Fluctuations of azimuth up to ~20° for in the range 30°-60° are found for several wavelengths. The highest values of ~0.75 are attained for large at all . The value diminishes rapidly to ~0.15 with decreasing .
In Fig. 8 , the degree of polarization is presented together with the azimuth of polarization( ). The latter, however, only concerns the fraction of light that is polarized. When P becomes small, like for small incident angles in Fig. 8a , the determination of azimuth becomes uncertain and fluctuations are seen.
The Brewster angle ~58° at 633 nm was determined from of chitin [32] and could possibly influence the degree of polarization as mainly s-polarized light will be reflected at that angle.
The MMSE results show that in general increases with but the state of polarization does not change considerably upon reflection. However, for small the beetle is depolarizing and only a small fraction of the light is polarized after reflection. The azimuth angle (90°) indicates linearly s-polarized response for unpolarized and s-polarized incoming light, but linearly p-polarized response for incoming p-polarized light (0°). The result in Figs. 7 and 8 exhibit noise-like features. However, it is not clear if these features are noise-related. The instrument used has a noise level in which is more than one order of magnitude lower than the variations observed. In principle noise may propagate in the data analysis and can be amplified in some derived parameters. However, if we take in Fig. 7a as an example, we find from Eq. 3 that is almost equal to 21 as 31 and 41 are very small. The expected instrument noise in 21 is much smaller than the variations seen in Fig. 7a and these variations may thus very well originate from spectral variations in reflectance from the sample. Interference oscillations across the cuticle as observed and analyzed for Cotinis mutabilis [33] could be one possible explanation. The weak signatures seen in the C. insulanus data compared to in C. mutabilis, may be due to that the cuticle is composed of scales increasing the inhomogeneity and thus heavily distorting interference oscillations. Without further studies it is, however, not possible to fully explain the origin of the observed spectral variations in Fig. 7 . The azimuth variations in Fig. 8 are more likely noiserelated, especially for unpolarized incident light. We see from Eq. 7 that alpha is dominated by 31 in this case and 31 is very small and thus has a low signal to noise ratio. In other words, the uncertainty in the determination of the direction of linear polarization becomes large when the degree of polarization is small.
Hodgkinson et al. [19] have done polarization studies on the narrow-band reflecting green and red beetle Stephanorrhina guttata which shows polarization preserving properties. However, some white patches on the beetle showed depolarizing properties like the results for C. insulanus presented in this paper. Depolarization properties could be a key camouflage feature against polarimetric sensors that might impose a bigger threat in the future. 
Conclusions
Cyphochilus insulanus, has a reflectance that is high (~0.6) but diffuse in the VIS and NIR spectral ranges and low in the long wave IR range. The IR measurements show absorption bands characteristic of -chitin. Near Lambertian scattering was found in the visible range for small < 40° and diffuse scattering properties with a specular scent in the visible for larger and in IR for all incident angles. The whiteness level attained was 42, still giving a white appearance, as measured on the beetle as whole, but different from results on single scales found in the literature. In general, the polarized part of the reflected light from C. insulanus is linear for all wavelengths and incident angles. The azimuth angle is almost independent of wavelength implying s-polarized response for unpolarized and s-polarized incident light and with a p-polarized response for incoming p-polarized light. The degree of polarization increases with the angle of incidence.
We conclude that the beetle surface consisting of scales on a cuticle reflects like a dielectric material, has low gloss as a consequence of the diffuse scattering properties, low dispersion, no specific polarization signature, all suitable properties for camouflage applications. The structure appears to be optimized for scattering in the visible spectral range. There is no reason to believe that the diffuse scattering properties, received for 633 nm, should differ greatly in the rest of the visible range, since the spectrum of Fig. 4 . is rather flat. The sample show linear polarizing properties as it preserves the polarization of the incident light, except for small incident angles at which only a small amount of the light is polarized, i.e. the beetle is depolarizing. 
